[1] Moderate-Resolution Imaging Spectroradiometer (MODIS) surface albedo at high spatial and spectral resolution is compared with other remotely sensed climatologies, ground-based data, and albedos simulated with the European Center/Hamburg 4 (ECHAM4) global climate model at T42 resolution. The study demonstrates the importance of MODIS data in assessing and improving albedo parameterizations in weather forecast and climate models. The remotely sensed PINKER surface albedo climatology follows the MODIS estimates fairly well in both the visible and near-infrared spectra, whereas ECHAM4 simulates high positive albedo biases over snow-covered boreal forests and the Himalayas. In contrast, the ECHAM4 albedo is probably too low over the Sahara sand desert and adjacent steppes. The study clearly indicates that neglecting albedo variations within T42 grid boxes leads to significant errors in the simulated regional climate and horizontal fluxes, mainly in mountainous and/or snowcovered regions. MODIS surface albedo at 0.05 resolution agrees quite well with in situ field measurements collected at Baseline Surface Radiation Network (BSRN) sites during snow-free periods, while significant positive biases are found under snow-covered conditions, mainly due to differences in the vegetation cover at the BSRN site (short grass) and the vegetation within the larger MODIS grid box. Black sky (direct beam) albedo from the MODIS bidirectional reflectance distribution function model captures the diurnal albedo cycle at BSRN sites with sufficient accuracy. The greatest negative biases are generally found when the Sun is low. A realistic approach for relating albedo and zenith angle has been proposed. Detailed evaluations have demonstrated that ignoring the zenith angle dependence may lead to significant errors in the surface energy balance.
Introduction
[2] Surface albedo is the fraction of downwelling solar radiation that is reflected by a surface. It is determined by the reflective properties of the surface and the spectral and angular distribution of the downwelling radiation. Surface albedo plays a key role in the surface-atmosphere interaction, since it greatly influences the shortwave absorption and thus the surface temperature and turbulent heat fluxes.
Accurate albedo estimates are therefore essential for an accurate simulation of the Earth's climate.
[3] In the early 1980s, pioneering studies derived global surface albedo maps on a monthly basis [Robock, 1980; Kukla and Robinson, 1980] . Since then, a number of attempts have been made to derive gridded surface albedo on the basis of remotely sensed data [Staylor and Wilber, 1990; Pinker and Laszlo, 1992; Csiszar and Gutman, 1999] . Nevertheless, surface albedo is still crudely represented in most current climate models because of both limited observations and its complex dependence on surface characteristics. Satellite-based remote sensing is the only practical JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, D12105, doi:10.1029 /2004JD004552, 2004 Copyright 2004 by the American Geophysical Union. 0148-0227/04/2004JD004552$09.00 method to obtain land surface albedo with global coverage. However, until recently, the fundamental problem of satellite remote sensing, i.e., the computation of surface radiation fluxes from the radiation measured at the level of the satellite, was not satisfactorily resolved [Wei et al., 2001] .
[4] The Moderate-Resolution Imaging Spectroradiometer (MODIS) bidirectional reflectance distribution function (BRDF) albedo product provides a high-quality surface database at a very high spatial resolution of 1 km. MODIS BRDF albedos meet the accuracy requirements of 0.02 -0.05 that are required for general circulation model (GCM) validation studies [Sellers et al., 1995; Jin et al., 2003] .
[5] The aim of this study is twofold. First, it provides detailed comparisons of MODIS surface albedo in both the visible (VIS) and near-infrared (NIR) broadband with (1) remotely sensed climatologies, (2) high-quality groundbased measurements at several Baseline Surface Radiation Network (BSRN) sites, and (3) GCM-simulated surface albedos. Second, it shows how the comprehensive MODIS BRDF/albedo data can be used for validating and improving the parameterization of surface albedo in the land-surface models of climate or weather forecast models.
[6] The paper is organized as follows: In section 2, the model and the data that are used in this study are described. Results are presented in sections 3 and 4. The discussion in sections 3 is based on remotely sensed and GCM-simulated data. Focus is put here on (1) studies on how well MODIS compares with other global albedo climatologies and the outcome gained from GCM simulations and (2) the albedo variations within T42 grid boxes. Section 4 relates MODIS with ground-truth data: The first part compares MODIS with ground-based BSRN observations, and the second part shows a detailed investigation of the zenith angle dependence of the surface albedo.
Model and Data

ECHAM4
[7] The model used in this study is the European Center/ Hamburg 4 (ECHAM4) GCM of the Max Planck Institute for Meteorology, Hamburg (Germany). The structure of the model is described in detail by Roeckner et al. [1992 Roeckner et al. [ , 1996 .
[8] In ECHAM4 the snow-free (broadband) surface albedo a sb for each grid cell is estimated on the basis of three blended data sets as described by Claussen et al. [1994] . Under snow-covered conditions the surface albedo a is modified according to
where a s and f s are the snow albedo and the snow cover fraction, respectively.
[9] The albedo of pure snow is represented by a linear function of surface temperature T s , varying from 0.8 to 0.4 at temperatures between À10°C and 0°C, respectively. Snow masking by forests is taken into account by reducing the surface albedo to 0.3 (at T s = 0°C) and 0.4 (at T s = À10°C) for completely snow-covered forests.
[10] In order to account for different radiative characteristics in the VIS and NIR radiation band, the current model version has been adapted in order to separately estimate VIS and NIR albedos [Roesch et al., 2002] . A 10-year control simulation has been carried out at horizontal T42 spectral resolution ($2.5°) with a prescribed annual mean cycle of sea surface temperature (SST) and sea ice coverage from the Atmospheric Model Intercomparison Project (AMIP) for the period 1979 -1988 [Gates, 1992] .
MODIS Albedo
[11] The MODIS BRDF/albedo product is generated with data acquired by the Moderate-Resolution Imaging Spectroradiometer (MODIS) on the Terra satellite platform. The MODIS BRDF/albedo product MOD43B provides both white sky albedo (WSA, bihemispherical reflectance) and black sky albedo (BSA, directional hemispherical reflectance at local solar noon) for seven spectral bands and three broadbands. The product is derived using a kernel-driven semiempirical BRDF model, utilizing the RossThickLiSparse functions for characterizing isotropic, volume, and surface scattering [Lucht et al., 2000; Schaaf et al., 2002] . MODIS surface albedos at any solar zenith angle (SZA) can easily be derived from the MODIS semiempirical kernel-driven BRDF models, which are also produced as MODIS standard products . Version V003 data are available from November 2000 to January 2002 with a gap in June due to instrument problems. Data are provided at different spatial resolutions (1°, 0.5°, 0.25°, 0.05°, and 1 km) for 16-day periods starting at Julian dates 1, 17, 33, etc. The coarser resolution data are derived from the 1-km global albedo product. These derived products aggregate 1-km data of various qualities, and the grid box assumes the majority quality flag. This leads to some additional internal variability within the global files of BRDF parameters and albedos at 0.05°, 0.025°, 0.5°, and 1°resolution. For the model comparisons described in this paper, the 0.05°product was further aggregated to a T42 grid (compatible to the resolution in the ECHAM4 climate simulations) using area weighting.
[12] As MODIS BRDF/albedo product MOD43B only provides direct-beam and completely diffuse albedos, MODIS albedos under realistic atmospheric conditions are computed from a linear combination of the WSA and BSA, weighted with the diffuse and direct ratios, respectively. The diffuse ratio is best estimated from direct ground-based observations. If such measurements are not available, the diffuse ratio has been estimated from a weighted mean of the cloudy and clear-sky fractions by assuming 100% incident diffuse radiation under overcast skies. The cloud fractions are estimated from International Satellite Cloud Climatology Project (ISCCP) D2 data. The clear-sky diffuse ratio at local noon was derived from data measured at Kavieng, Papua New Guinea, from November 1992 through February 1993 during the Pilot Radiation Observation Experiment (PROBE) [Stokes and Schwartz, 1994] . The best fit equation for the diffuse ratio r d based on PROBE has been found to be
where m 0 is the cosine of the zenith angle.
PINKER Albedo
[13] The PINKER surface albedo climatology is estimated from version 2.1 of the surface albedo algorithm developed at the University of Maryland [Pinker, 1985; Pinker and Laszlo, 1992] . Inputs are based on ISCCP D1 data for July 1983 to December 1998 at 2.5°resolution, as provided by the Goddard Institute for Space Studies (GISS).
BSRN
[14] The database of the Baseline Surface Radiation Network (BSRN) includes both shortwave and longwave radiation fluxes at currently 36 sites [Gilgen et al., 1997] . A total of 16 out of the 36 current BSRN sites measure both global radiation and reflected SW radiation. Observations are of the highest possible accuracy at very high temporal resolution (minute values).
Results: Remotely Sensed and GCM-Simulated Albedo
Global Surface Albedo Intercomparison
[15] Two remotely sensed surface albedo climatologies (MODIS and PINKER) are compared to the albedo pattern as simulated by the ECHAM4 GCM.
[16] Figure 1 displays the VIS and NIR annual albedo cycles for six different regions. Albedo biases between the remotely sensed data and the GCM simulation are generally distinctly higher than the differences among the satellitebased climatologies. The largest positive deviations between model and remotely sensed observations are found over snow-covered regions (Figures 1a, 1b, and 1c) . Differences in the visible spectrum are generally smaller than in the NIR.
[17] Figure 1b indicates a strong overestimation of the ECHAM4 surface albedo over the Taiga forests due to a poor parameterization of the snow-masking effect [Roesch et al., 2001] , while PINKER and MODIS are in extremely good agreement. The same feature is found over the larger Himalaya/Tibetan region (Figure 1c ), although for another reason. It was shown earlier [Roesch et al., 2001 ] that the current ECHAM4 parameterization leads to an overestimation of the snow cover fraction as a result of ignoring subgrid orographic variations.
[18] Figure 1e depicts the annual cycle for the Sahara desert. MODIS exhibits very few variations in both VIS and NIR albedo throughout the entire year. PINKER, in contrast, estimates noticeably higher albedos during the Northern Hemisphere summer than in winter. In the visible band both the observations and the simulation are in good agreement whereas ECHAM4 is clearly lower in the NIR. The high MODIS albedos over the bright sand deserts, as also detailed by Tsvetsinskaya et al. [2002] , are supported by other available ground-based and remotely sensed data. Red, NIR albedo; blue, VIS albedo. MODIS albedo are computed from WSA and BSA. The ratio between diffuse and direct radiation has been estimated from mean monthly ISCCP D2 cloudiness and the zenith angle at local noon. Knorr et al. [2001] find from the Meteosat surface albedo product that most of the Sahara desert has albedo values above 0.35, with one ''hot spot'' area going above 0.5. Barker and Davies [1989] suggest a range from 0.35 to 0.45 for the western Sahara.
[19] Table 1 clearly demonstrates the significant increase in the reflected total shortwave radiation that occurs when replacing the current global surface albedo climatology in ECHAM4 by albedos acquired by MODIS on the Terra satellite. Positive biases are as high as approximately 20 W m À2 and 10 W m À2 in the northern summer and winter, respectively. This greatly reduces the absorbed shortwave radiation, leading to a pronounced cooling of the Sahara desert.
[20] Figure 1f displays the mean annual albedo cycles of the Sahelian zone. Accurate albedo estimates in the Sahel are of particular interest as it is now widely recognized that the precipitation and monsoon circulations over North Africa are sensitive to changes in the land surface albedo of the Sahelian zone and the Sahara desert [Knorr et al., 2001; Govaerts et al., 2002] . The annual variation of the albedo is largely controlled by precipitation, which mainly falls during the boreal summer because of the northward shift of the Intertropical Convergence Zone (ITCZ). The dry season, lasting from October to April, leads to a vegetation senescence while continuous growth occurs during the wet season. It is thus expected that the NIR albedo increases as the plants grow whereas in the VIS a minimum albedo is anticipated to the end of April when foliage is very low. This feature is nicely reproduced in the MODIS data, while PINKER does not capture this characteristic, possibly because of residual cloudiness.
[21] Table 2 shows the August and September albedo means from four different sources averaged over the Greenland grid boxes with elevations above 2800 m. This guarantees the absence of melting snow or ice surfaces. Despite different lengths of the averaging period for the PINKER and MODIS data, their albedo values are very similar. Figures in parentheses refer to Greenland summit (72.5°N, 38.5°N, 3200 m above sea level (masl)), interpolated from 0.05°MODIS albedo data. They demonstrate that MODIS albedo variations are small at Greenland's highest elevations. The ECHAM4 control experiment produces distinctly higher reflectivities than both remotely sensed data sets. Simulated surface albedos agree reasonably well with the data collected at Greenland summit during extensive measurement campaigns performed by Eidgenössische Technische Hochschule (ETH) scientists from Zurich, Switzerland. The ground-based measurements indicate a distinct underestimation of remotely sensed albedo in dry-snow regions. This underestimation has been partially attributed to the narrowband-to-broadband conversion used in the V003 MODIS product, which is not appropriate for extremely bright pure snow situations. New narrowband-to-broadband coefficients have been implemented in V004 of the MODIS product. The difference in the observed footprint between the ground measurement and the satellite observation is also a factor.
Subgrid-Scale Effects
[22] Land surfaces strongly interact with the atmosphere at all scales. Land surface characteristics, such as vegetation type, soil type, soil moisture, and thus surface albedo are spatially heterogeneous, as these factors greatly affect the reflectivity properties of the surface. In addition, patchy snow cover during snowmelt or episodes with thin snow cover lead to further horizontal heterogeneities in the surface albedo. In GCMs, only grid-averaged surface albedos are used to compute the surface SW radiation. Different warming of the land surface within a GCM grid cell due to different albedos is thus not accounted for in GCMs. This may result in additional horizontal energy exchange and modification in the turbulent heat fluxes as these physical processes are highly nonlinear. It is therefore important to estimate the albedo variability within GCM grid cells.
[23] The MODIS 0.05°Â 0.05°surface albedo provides an excellent data set to estimate the spatial heterogeneity of surface albedos within T42 grid cells (hereinafter intracell variability). Figure 2 displays different measures of the albedo's intracell variability for the 16-day period of the visible WSA starting on 6 March 2001. This date in early spring was selected to avoid missing values due to the polar night. In addition, the extended snow cover over northern Eurasia and Canada allows for an exploration of the effect of snow. Figure 2a clearly depicts the high VIS albedos in completely snow-covered regions with no or only sparse vegetation, such as the cold tundra in northern Siberia/ Canada or the flat Kazakh steppe east of the Caspian Sea. In the area covered with the boreal forest, albedo is significantly reduced because of the snow-masking effect. VIS albedos below 0.1 are observed over extended parts of South America, Central and South Africa, and Southeast Asia. A substantial part of these areas is covered by , 1983 -1998 MODIS, 2001; observed, 2000 -2003 . Albedos at Greenland summit derived from 0.05-degree MODIS data are given in parentheses. (tropical) forests or shrubs. The albedo estimates over the Australian desert and steppes are surprisingly low.
[24] Figure 2b displays the intracell standard deviation, which is clearly largest in snow-covered areas with values of up to approximately 0.1. Furthermore, grid boxes with substantial forest cover have higher standard deviations compared to cells with very sparse forest cover such as the tundra in northern Siberia and Canada. Snow-covered regions in mountainous regions with rough topography are often related to high albedo variations, e.g., the Alps or the Himalayan ridge. These findings are reasonable from a physical point of view as, essentially in snow-covered areas, high spatial variations in altitude or vegetation cover (and thus surface roughness) directly influence the surface albedo. In snow-free areas the pattern of intracell albedo variations follows the pattern of the mean albedo shown in Figure 2a : Higher reflectivities, as in the Sahara and Arabian deserts, lead to higher intracell albedo variations. In order to provide a relative measure, Figure 2c displays the standard deviations divided by their respective means. The values of these relative variations in deserts and steppes are roughly double that in most other snow-free land regions. This indicates that dry zones are potential areas where intracell albedo variations might be important for correct simulations of the local climate. The highest normalized albedo standard deviations (above 25%) are found over rough mountainous terrain such as the Alps, the Caucasus, the Rocky Mountains, or the Himalayan ridge. These areas typically have snow-free valleys and snowcovered mountains in mid-March. It is obvious that averaging the albedo over such terrain leads to a poor representation of the subgrid variations in the net shortwave radiation. Further insight into the surface albedo variability can be gained by plotting the difference between the maximum and minimum surface albedos (based on 0.05°M ODIS data) scaled by its T42 mean value (Figure 2d ). Figure 2d demonstrates that the albedo range may exceed the mean T42 albedo by a factor of 4 in rough mountainous areas, where Figure 2c has also shown the highest relative albedo variations. It must be emphasized here that using the 1-km Â 1-km MODIS albedo instead of the 0.05°data set (corresponding to approximately 5-km Â 5-km cells) would probably lead to even higher relative differences between the maximum and minimum albedos within T42 grid boxes.
Results: Validation With Field Measurements
MODIS and BSRN
[25] The BSRN database provides an ideal test bed for the validation of MODIS surface albedo at 0.05°resolution ($5 km). Since BSRN does not include spectral broadband observations, only total surface albedos are compared. The MODIS albedo assigned to any given BSRN site has been computed as follows: First, the MODIS pixel in which the BSRN site is located has been selected. Then, the MODIS broadband surface albedo is estimated by weighting the diffuse (WSA) and direct beam albedo (BSA) with the respective radiation fluxes retrieved from BSRN.
[26] Results for nine BSRN sites (Table 3 ) over a 14-month period are shown in Figure 3 . During snow-free episodes, MODIS is in quite good agreement with BSRN, although MODIS generally underestimates the reflectivity. On the basis of albedo means between 12 July and 15 October 2001 (consisting of six 16-day means), a negative bias is found at all sites. The mean deviation over all 9 sites amounts to À0.028, with the minimum and maximum of À0.0006 and À0.047 at Southern Great Plains and Barrow, respectively. Negative biases between À0.03 and À0.045 are found for the following five sites: PAY, TAT, PSU, GCR, and BON. These negative MODIS deviations are likely to be related to differences in the vegetation cover: Forest albedo is approximately 0.05-0.1 lower than that over short grass.
[27] The negative MODIS biases are more pronounced when snow cover is present. Most of the deviations can be related to differences in the surface properties: While the BSRN instruments are located over short grass at all the above stations, the allocated 0.05°MODIS box often contains other vegetation types, such as forest. During the snow period the albedo of forested areas is significantly lower than for open land because of snow masking. Further, MODIS may be weak in detecting slightly enhanced albedos due to only thin and patchy snow cover as seen in Figure 3 , at stations GCR, PAY, and TAT.
[28] The evaluation shows that the field observations and remotely sensed data at 0.05°resolution agree well during snow-free episodes and detected biases can be easily attributed to differences in vegetation cover. However, during the snow period, a resolution of 5 km is probably too coarse for validating remotely sensed data with ground-based observations because of efficient snow masking by forests.
Zenith Angle Dependence in BSRN, MODIS, and CLASS
[29] Surface albedo over most surfaces exhibits a clear diurnal cycle due to variations in the solar angle [e.g., Grant et al., 2000] . Both MODIS and BSRN provide excellent data archives to estimate the error in the land surface albedo that occurs when ignoring the solar zenith angle dependence as is done in the current ECHAM4 GCM and the next ECHAM version (ECHAM5), which will soon be released to the climate modeling community.
[30] MODIS WSA and BSA are ideal measures to investigate variations in the surface albedo against the solar angle. Figure 4 depicts the difference between WSA and BSA for six 10°latitude bands in the Northern Hemisphere. Assuming the effective mean solar angle under overcast days to be 50°, WSA is expected to be higher than the BSA when local solar noon increases beyond 50°. For the latitude belt 10°N to 20°N, local solar noon is above 50°throughout the entire year. The difference WSA minus BSA is thus expected to be positive, which is clearly confirmed in the 
Differences are approximately larger by 0.1 in the NIR compared to the VIS spectrum throughout the entire year. The lowest two panels show no pronounced annual cycle, which is in line with basic theory: The albedo varies little with solar angle when the Sun is high.
[31] At higher latitudes the annual amplitudes of WSA minus BSA become more pronounced and approach absolute magnitudes of more than 0.06 in the 60°N to 70°N belt in winter when the Sun barely comes above the horizon. The upper panels in Figure 4 demonstrate the strong relationship between albedo and solar angle for a low Sun. Further, it can be seen from the figure that the difference WSA -BSA is close to zero for solar angles equal to 50°. For solar angles between approximately 55°a nd 70°, the NIR albedo varies much more than the visible albedo. At lower Sun angles, in contrast, the albedo varies similarly with solar angle for both the VIS and NIR spectrum. This evaluation clearly stipulates that climate models should compute surface albedos separately for the diffuse and direct shortwave radiation. Furthermore, validation of the MODIS data has clearly shown that ignoring the relationship between solar angle and surface albedo may lead to noticeable errors in the surface energy balance.
[32] In order to develop reasonable parameterizations for the relationship between surface albedo and the SZA, it is fundamental to compare the ground-based, remotely sensed data and parameterizations as used in current climate models. This has been done in Figure 5 , showing the broadband surface albedo as a function of the SZA from four different data sources.
[33] BSRN surface albedos were calculated from hourly averaged values of measured reflected and incoming shortwave radiation. Cloudy cases were ignored to minimize the diffuse radiation in the global radiation. For clear-sky detection the algorithm suggested by Long and Ackerman [2000] was applied. The position of the Sun for each hour was calculated from solar geometry and an empirical equation to transform UTC to local time.
[34] Each BSRN site is represented by a 0.05°Â 0.05°M ODIS grid box containing the station. Reflectivities for SZA beyond 80°are not shown, as they are known to be afflicted with errors [Lucht et al., 2000] . Clear-sky albedos are derived from a linear combination of white and black sky albedos, weighted with the diffuse and direct radiation, respectively, as computed from equation (2). Each station's data are overlayed by the relationship suggested for clearsky albedo in the Canadian Land Surface Scheme (CLASS) [Verseghy et al., 1993] . Grass vegetation is assumed for all BSRN sites, and a total grass albedo of 0.2 as given in the Biosphere Atmosphere Transfer Model (BATS) [Dickinson et al., 1986] is applied. The thin solid line in Figure 5 represents the land-albedo model by Briegleb et al. [1986] , which prescribes the surface reflectance as a function of solar zenith angle. It requires as parameters the albedo at a Sun elevation of 30°and an empirical parameter d = 0.4 for grassland. The former is set to a value of 0.2.
[35] Figure 5 clearly shows that the BSRN albedos reach their minima near local solar noon (minimum SZA), which is in line with basic theory discussed by Kimes et al. [1987] . They suggest that at smaller SZA, photons penetrate deeper into the vegetation and are thus more likely to be absorbed before escaping the plant elements. The most striking feature in the field measurements in Figure 5 is the asymmetry about noon, leading to a fork-like shape of the diamonds, which is most pronounced for BSRN sites BOS, DRA, FPE, and PAY. This asymmetry between morning and afternoon times is due to (1) asymmetric diffuse ratio and (2) changes in the vegetation structure and water content of plants between the morning and afternoon hours. For short grass the underlying soil could also play a certain role, since for high Sun positions, more soil is exposed to incoming solar radiation. Furthermore, soil wetness, and therefore soil albedo, might differ between the morning and afternoon. The upper ''prong'' of the fork-like-arranged BSRN albedos represents afternoon observations. This signifies that the afternoon minus morning albedo difference is positive, which is in line with findings of Grant et al. [2000] using observations in a semiarid grassland region in southeastern Australia. This study finds albedo differences of up to 0.02, which is similar in magnitude to the summer mean values derived from BSRN sites.
[36] Figure 5 indicates that MODIS is generally too low compared to BSRN, with the largest differences at low Sun angles. Only the Japanese site Tateno shows a reverse characteristic, with MODIS being larger than the field measurements. MODIS distinctly underestimates the increase of surface albedo with increasing SZA, which is in line with findings of Jin et al. [2003] . The simple CLASS model captures this striking albedo increase quite well for most BSRN stations. Surface-based measurements do not, however, justify the significant change in the slope of the curve at SZA = 60°. A monotonical increase in surface albedo with SZA would represent the field observation in a better way. This has been realized in the approach by Briegleb et al. [1986] , which generally follows the BSRN observations quite well. In addition, this approach makes the artifical split of the parameterization at SZA = 60°r edundant.
[37] In summary, MODIS does a reasonably good job at capturing the zenith angle dependence of surface albedo. However, at high zenith angles, field observations show larger sensitivity to changes in the Sun's position. The parameterization used by Briegleb et al. [1986] is in slightly better agreement with BSRN observations than the CLASS approach. Keeping in mind that the pyranometer at the BSRN site sensors a surface of some square meters whereas MODIS represents an average over 5 km Â 5 km, MODIS BRDF data have been proved satisfactory in capturing the main physics.
Conclusions and Outlook
[38] It has been shown that the MODIS BRDF product is very useful in providing high-quality data for improving and validating GCMs. Furthermore, MODIS is a valuable data set for improving albedo parameterizations in climate models. The high spatial and spectral resolution allows detailed studies on radiation flux errors induced by poor parameterizations of the surface albedo in land-surface models to be completed.
[39] A comparison between the remotely sensed PINKER and MODIS data has shown that these two global climatologies are generally in good agreement despite the fact that they span completely different time periods. The ECHAM4-simulated albedo distribution shows a high positive bias over snow-covered boreal forests and the Himalayas, but for different reasons. In contrast, ECHAM is probably too low over extended parts of the Sahara and the adjacent steppes, which might lead to significant errors in the exact position of the ITCZ because of a modified surface warming.
[40] The investigation of the subgrid variability of the albedo has clearly demonstrated that ignoring information about intracell variance may lead to significant errors in the simulated regional climate and horizontal fluxes, particularly in orographically rough and snow-covered areas.
[41] The validation of 0.05°MODIS broadband albedos with ground-based BSRN observation have demonstrated a good agreement with deviations less than 0.05 at most sites during the snow-free period, whereas significant and generally negative biases are found during the snow period. This is due to the fact that MODIS 5 km Â 5 km averages often include some forested areas with lower albedos due to snow-masking while BSRN pyranometers mostly sensor short-grass vegetation.
[42] On the basis of BRDF model parameters at 0.05°r esolution, the importance of considering the zenith angle dependence of surface albedo in climate models has been demonstrated. Testing available parameterization has shown that the approach suggested by Briegleb et al. [1986] fits both BSRN and MODIS diurnal albedo variations quite well.
[43] It will be of great interest to repeat these studies when longer time series of the MODIS product are available. The MODIS data since the Terra launch are being reprocessed as a consistent V004 data set from March 2000 to present. In addition, a new higher-quality product is beginning to be produced that combines data from the MODIS-Aqua (launched in May 2002) with the data from MODIS-Terra instruments. New generations of climate models can profit from these more accurate global surface albedo climatologies, resulting in better net surface radiation estimates. Further benefits can be expected from incorporating more accurate albedo parameterizations that are directly derived from MODIS BRDF data.
